The orientation of the EFG components in the crystallographic frame, provided by DFT calculations, is analysed in term of electron densities. It is shown that consideration of the 25 quadrupolar charge deformation is essential for the analysis of slightly distorted environments or highly irregular polyhedra.
Introduction
During the last decade, the characterisation of the fluorine environment in rigid solids by nuclear magnetic resonance (NMR) spectroscopy has become easier with the increase in routinely available magic angle spinning (MAS) frequency which allows an 30 efficient averaging of the chemical shift anisotropy and dipolar interactions. As the 19 F (I = 1/2) isotropic chemical shift (δ iso ) is very sensitive to the environment of the fluorine atom, MAS NMR is a powerful structural tool for studying complex fluoride crystalline materials having multiple crystallographic sites. In numerous studies, the interpretation of 19 F MAS NMR spectra is commonly based on the intuitive assumption that similar structural environments lead to similar 19 F δ iso . [1] [2] [3] [4] [5] [6] [7] [8] By comparison with the 19 F δ iso values measured for well-known binary fluorides, the 19 F resonances of a crystalline compound can be assigned to 35 different fluorine environments. In the case of fluorine sites with different multiplicities, the relative intensities of the corresponding resonances also provide additional constraints for the assignment. Nonetheless, complete unambiguous assignment of complex 19 F solid-state MAS NMR spectra often remains challenging. In such cases, two-dimensional (2D) NMR correlation experiments, which provide information about inter-atomic connectivities, can be used for line assignment purposes. In inorganic crystalline fluorides, various 2D heteronuclear correlation MAS experiments (CP-MAS HETCOR, 9 TEDOR-MQMAS, 10 probe heteronuclear spatial proximities. In oxyfluoride 25, 26 and in fluoride materials, 17, 23, 24, 27 the fluorine-fluorine proximities or through bond connectivities evidenced through 2D 19 F double-quantum single-quantum 28 (DQ-SQ) MAS correlation experiments were also used to assign the 19 F resonances. However, in the case of distinct fluorine sites having the same connectivity scheme and relatively similar inter-atomic distances, these 2D correlation NMR methods do not allow a straightforward assignment of the 45 corresponding resonances. 17, 29 An alternative approach is to correlate experimental 19 F δ iso values to the ones calculated from structural data, Semi-empirical model [30] [31] [32] [33] [34] [35] can be used for this purpose but this requires the refinement of phenomenological parameters which are usually valid for a specific family of compounds. First-principles molecular calculations are very efficient on molecular systems but, in the case of crystalline compounds, these methods critically require the non trivial definition of cluster size to mimic the crystalline structure. 25, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Moreover, for these two approaches, uncertainties on calculation results are sometimes larger than the experimentally measured 19 F δ iso difference between two distinct resonances, preventing an unambiguous assignment of the 19 F 5 NMR resonances.
The more elegant approach for crystalline systems consists in using the periodic boundary conditions. Two different methods can be used for this purpose, the GIPAW (Gauge Including Projector Augmented Wave) method introduced by Pickard et al. 46-48 that enables the calculation of the chemical shielding tensor (σ) and indirect spin-spin (J) coupling constant 26, [49] [50] [51] [52] [53] and the recently implemented "converse approach" 54 that was demonstrated to be a very efficient alternative for the chemical shielding tensor 10 calculations. 55 Two groups have recently published GIPAW calculations on fluorides. From 19 F isotropic chemical shieldings (σ iso ) calculations for numerous compounds including alkali and alkaline earth basic fluorides, Zheng et al. 56 proposed a calibration curve between calculated and experimental 19 F δ iso values. Griffin et al. 26 have also calculated 19 F σ iso values for several fluorides including some alkali and alkaline earth fluorides and a rare earth fluoride, LaF 3 . However, using the same exchange/correlation functional, a significantly different calibration curve was obtained. The origin of this difference is discussed 15 later on and arises mostly from the consideration of LaF 3 in the correlation reported by Griffin et al. 26 . One can also notice in the paper of Zheng et al. 56 some significant differences between experimental and calculated δ iso values, especially for CaF 2 (30 ppm). 56 To further investigate these problems we decided to reconsider this crucial step for providing predictive results allowing the assignment of 19 F NMR resonances, i.e. the definition of a calibration curve for inorganic fluorides. We have thus calculated the 20 19 F σ iso for alkali, alkaline earth and rare earth (column 3) basic fluorides using the CASTEP code. 57 To obtain reliable experimental data and avoid any reference problem (see below for more details), the experimental 19 F δ iso values for all the compounds under investigation have been measured again using the same reference sample (CFCl 3 ). In a first step, the fluorine pseudopotential used for the calculation of 19 F σ iso has been validated. As it is classically done, 55, 58, 59 a molecular benchmark was used for comparing our GIPAW results to all-electrons (AE) calculations. In a second step, the correlation between the calculated 19 F σ iso values for 25 twelve binary crystalline compounds and experimental 19 F δ iso values is investigated. A critical problem that was already observed for Ca in oxides 60 is evidenced in fluorides: PBE-DFT (Perdew, Burke and Ernzerhof -Density Functional Theory) method 61 is deficient in describing 3d and 4f localized empty orbitals when considering NMR shielding calculations. To circumvent this problem the Ca, Sc, and La pseudopotentials have been adapted using the methodology described in [60] and a reference calibration curve is proposed. We then show that the correlation established for the studied compounds fit nicely with the 30 calculations on others inorganic fluorides reported in [56] and [26] .
For two of the twelve studied compounds (MgF 2 and LaF 3 ), the quadrupolar nuclei occupying the cationic site (i.e. 25 Mg, I = 5/2 and 139 La, I = 7/2) are affected by the quadrupolar interaction since the corresponding site symmetries lead to non-zero Electric Field Gradient (EFG). We have measured the 25 Mg NMR parameters in MgF 2 which were unknown despite two recent 25 
Computational methods
The GIPAW method as implemented in the CASTEP code is an efficient and accurate method for determining NMR shielding tensor in periodic systems. By combining plane-wave basis set and Ultrasoft Pseudopotential (USPP) a quite large number of atoms can be considered using periodic boundary conditions. However, the pseudopotential construction (mainly the GIPAW projectors definition) should be realized with care in order to avoid unphysical behaviour that could lead to misleading 10 conclusions. 
To test the validity of the GIPAW USPP used to calculate 19 F σ iso , a molecular benchmark of eight experimentally well 15 characterized simple molecules is used (see Table 1 ). They were chosen because they span on a large range of 19 F σ iso values (about 750 ppm). Two sets of calculations are performed, the first one using AE basis sets as implemented in the Gaussian03 code 71 and the second one using USPP and the GIPAW method as implemented in the CASTEP 5.0 package. For the AE calculations, the well known GIAO (gauge invariant atomic orbitals) 72, 73 and IGAIM (individual gauges for atoms in molecules) 74, 75 methods are used. AE calculations are performed using four different types of basis sets from Dunning's 20 hierarchy 76 with increasing accuracy, namely aug-cc-pCVDZ, aug-cc-pCVTZ, aug-cc-pCVQZ and aug-pCV5Z taken from the ESML basis set exchange library. 77 The USPP are generated using the on the fly generator (OTF_USPP) included in CASTEP and the following parameters for the fluorine atoms: (i) r loc = r nloc = 1.4 a.u., (ii) r aug = 1.0 a.u. and (ii) q c = 7.5 a.u. 
Conventions
In this study, the calculated σ iso value is defined as:
σ ii being the principal components of the shielding tensor defined in the sequence | σ zz -
The isotropic chemical shift is defined as:
The quadrupolar coupling constant (C Q ) and the asymmetry parameter (η Q ) of the EFG tensor are defined as: consider that the description of the core by GIPAW USPP is as good as the description by very large AE basis set. Probably GIPAW USPP calculations could be improved for much unshielded fluorine atoms by allowing core states relaxation (for the OTF_USPP generator) during the self consistent electronic procedure but this was beyond the scope of the present study. F σ iso values using USPP GIPAW method versus AE aug-cc-pCVDZ and aug-cc-pCV5Z basis sets with the GIAO method, using the PBE functional and the same molecular geometries (see Table 1 for details). The solid line represents the calculated linear regression corresponding to the equation reported on the graph for the aug-cc-pCV5Z basis set. The dotted line represents the ideal expected correlation σ iso GIPAW = σ iso GIAO. Figure 1 shows the correlation between the σ iso values obtained with the all-electron GIAO method and the GIPAW method using 5 the USPP of the Material Studio package. The remarkable agreement proves the correctness of the USPP fluorine atoms for calculating 19 F σ iso when using PBE functional. They will be used in the following for crystalline systems.
NMR shielding calculations on crystalline systems
To perform a reliable comparison between experimental and DFT-GIPAW calculated 19 F isotropic chemical shifts for alkali, alkaline earth and rare earth of column 3 basic fluorides, the consideration of accurate experimental values referenced relative to 10 the same standard is a crucial point. Unfortunately, there are some discrepancies between the 19 F δ iso values previously reported for these compounds. 1, [4] [5] [6] 30, 64, [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] In addition, these values are referenced relative to different fluorine standard (CFCl 3 , C 6 F 6 ) and thus need to be expressed with respect to CFCl 3 , the primary fluorine standard. Such conversion procedure was used in previous works 26, 56 (some experimental values seem erroneously converted in the paper of Zheng et al. 56 . In order to obtain reliable data for comparison with calculations, we have therefore measured again the 19 F δ iso values for these fluorides with respect to CFCl 3 15 (measured 19 F δ iso are given in Table 3 and the corresponding experimental 19 F NMR spectra are presented as ESI). For the compounds involving a single fluorine crystallographic site, 19 F MAS NMR spectra were recorded at 7.0 T with MAS spinning frequency ranging from 15 to 30 kHz. For compounds containing several distinct F sites (YF 3 and LaF 3 ), a higher magnetic field of 17.6 T and fast MAS spinning frequency (up to 65 kHz) were employed to obtain very high resolution 19 F MAS NMR spectra.
The assignment of the NMR lines are unambiguous for the twelve studied compounds since they have only one fluorine site 78,81-90 20 or several fluorine sites with different multiplicities (2 for YF 3 79 and 3 for LaF 3 80 . Some difficulties were encountered with the determination of the 19 F δ iso value of ScF 3 due to local disorder related to its negative thermal expansion. 103 Experimental results on this compound are discussed in ESI.
A second point that must be considered with attention is the conversion of calculated 19 The 19 F DFT-GIPAW σ iso values for alkali, alkaline earth and rare earth of column 3 basic fluorides calculated using the USSP and computational parameters presented in previous section and the corresponding measured 19 F δ iso are given in Table 3 . The linear correlation between experimental δ iso and calculated σ iso , from APO structures (see ESI) when allowed by symmetry, is 15 shown Figure 2 . Except for the F3 site in LaF 3 , the σ iso values calculated from IS and APO structures are very similar. This is in agreement with slight optimization effects on F-Mg, F-Y or F-La distances (see ESI) and tends to show that these three structures were precisely determined. The slope of the linear regression (-0.70) is far below the theoretically expected value of minus one.
However, same kind of deviations have been noted previously for other halogens (Cl, Br and I) [105] [106] [107] [108] and other nuclei such as 29 states. To overcome this PBE-DFT deficiency, the energy level of the 3d Ca orbitals was shifted to higher energy without changing the position of the s and p states in the Ca pseudopotential. 60 This method has been afterwards successfully applied on 43 Ca NMR parameters calculations. 116 Following these works, we have applied an empirical shift on the Ca(3d) orbitals for building the Ca USPP. To determine the optimal 3d-shift a reference correlation between δ iso and σ iso is needed and we have thus established a new correlation presented in figure 3 by discarding CaF 2 , ScF 3 and LaF 3 .
15
It leads to:
δ iso /CFCl 3 = -0.80(3) σ iso + 8 9 ( 9 ) ( e q u a t i o n 1 )
From this new linear regression (equation 1), the ideal 19 F σ iso value for the fluorine in CaF 2 can be established (Figure 3(a) ) and further used to adjust the 3d-shift for the Ca(3d) orbitals. An optimal shift of 1.81 eV is obtained (see Figure 3(b) ). This value is significantly smaller than for CaO (3.2 eV). 60 This difference can be explained as (i) we used USPP whereas Profeta et al. The effect of the shift applied on the 3d orbitals is clearly observed in the conduction band: the energy of the band having mostly a Ca(3d) character is increased and becomes closer to the one obtained using hybrid functional. The band gap stays unchanged (mainly imposed by the position of Ca(4s) states in the conduction band) and is calculated to 6.3 eV using PBE functional. As expected, the use of hybrid functional gives a higher band gap value (8.4 eV) which is closer to the experimental one (11.8 eV). 117 10 Since the calculated 19 F σ iso of ScF 3 also deviates significantly from the linear regression established for YF 3 , alkali and alkaline earth compounds excluding CaF 2 (as evidenced from Figure 3 (a)) and because DOS calculation (not shown) shows that the bottom of the conduction band has a strong 3d character, it appears that a similar correction is also needed to properly describe the 3d orbitals of the Sc atom when using PBE functional. As done for Ca, we thus adjusted the corresponding 3d-shift for the Sc USPP such that the calculated 19 F σ iso corresponds to the value determined from the experimental δ iso using equation (1) . Figure   15 3(c) shows that the effect of the applied 3d-shift on the calculated σ iso value is more pronounced for ScF 3 It is also known that standard GGA/DFT is not well suitable to elements with localized 4f empty states. For example, a recent 5 theoretical investigation has shown that it is necessary to add an on-site Hubbard correction (U eff = 10.3 eV) on the 4f(La) orbitals to properly describe their localizations and then their energy positions, allowing to properly simulate the XPS/BIS and reflectance experimental spectra of LaF 3 . 115 In our case, the very large deviation observed for LaF 3 (Figure 3(a) ) shows that the La 3+ ion (4f  0 ) has a similar symptomatic behaviour as Ca 2+ and Sc 3+ ions. Therefore, we have applied the Profeta et al. 60 procedure to shift 4f orbitals. LaF 3 having three fluorine sites, the 4f-shift was determined by simultaneously minimizing for the three sites the 10 differences between the experimental 19 F δ iso and the δ iso values deduced from the calculated 19 F σ iso using equation (1) . The optimum value obtained following this protocol (4.55 eV, Figure 3(d) ), is much higher than the one determined for the 3d orbitals of Ca 2+ and Sc 3+ .
The validity of equation (1) lattice parameters and internal atomic coordinates) was performed prior the σ iso calculations. Zheng et al. 56 have employed much smaller cut-off energies of 300 eV for the optimizations of atomic positions and of 550 eV for the GIPAW calculations, which does not allow obtaining fully converged 19 F σ iso values (see experimental section). Taking these aspects into account, it is clearly observed in Figure 5 that equation (1) 
Electric field gradient calculations
In the second part of this work, we compare the calculated EFG tensor to the one experimentally determined using solid-state NMR. According to the symmetry of the cationic sites in the studied compounds, the EFG tensors of the quadrupolar nuclei occupying cationic sites are expected to be different from zero only for 25 Mg in MgF 2 and 139 La in LaF 3 . The quadrupolar parameters C Q and η Q are directly related to the principal components of the EFG tensor which originates from the deformation of the electronic density around the nucleus. Consequently, C Q and η Q parameters are very sensitive to the site symmetry and/or site distortion and provide additional structural information. The quadrupolar parameters for 25 Table 4 Experimental C Q and η Q , calculated V ii , C Q and η Q using CASTEP and WIEN2K for initial and APO structures. Since only the absolute value of C Q can be determined from NMR experiments on powdered samples, the sign of the experimental C Q is set to the sign of the calculated C Q . As shown in Figure 6 , the 25 Mg MAS NMR spectra of MgF 2 recorded at two different magnetic fields (9.4 and 17.6 T) exhibit typical second order quadrupolar broadened line shapes. Good fits of the two 25 Mg experimental spectra can be obtained taking into account only the second order quadrupolar interaction indicating that the effect of the 25 Mg chemical shift anisotropy can be neglected even at 17.6 T. The 25 Mg isotropic chemical shift determined from the fits of experimental spectra is -4±1 ppm. The 15 calculated δ iso deduced from the isotropic shielding σ iso calculated with CASTEP (564.6 ppm) using the equations reported by
Pallister et al. 63 (δ iso = -0.933 σ iso + 528.04) and Cahill et al. 62 (δ iso = -1.049 σ iso + 565.23) are respectively equal to 1.4 ppm and -0.6 ppm which are both in fine agreement with the experimental value. As reported in Table 4 , there are slight discrepancies between the measured V ii values and those calculated for the experimental structure of MgF 2 using the PAW USPP (CASTEP) or LAPW AE (WIEN2K) methods, the calculated V zz and |V xx | principal components of the EFG tensor being underestimated. As previously done for the 19 F chemical shielding, the principal components of the EFG tensors were also calculated for the APO structure. The PBE-DFT optimisation of the fluorine atomic position leads to slight modifications of the MgF 6 octahedron: the mean Mg-F distance remains the same (1.982 Å) but the radial distortion 5 increases and the angular distortion decreases (see ESI). For the APO structure, a better agreement between experimental and calculated V zz values is obtained. Nevertheless, the V xx and V yy components calculated with the PAW USPP method are respectively larger and smaller than the experimental values leading to a discrepancy between the calculated and experimental asymmetry parameters (η Q ). In contrast, the V ii values (and thus C Q and η Q parameters) calculated using the LAPW AE method are in very good agreement with the experimental ones. 10 As shown in Figure 7 the expected depletion of charge in the V zz direction (i.e. between the two Mg-F bonds which form an angle equal to 98.8°) 25 relative to the V yy direction (i.e. between the two Mg-F bonds which form an angle equal to 81.2°) is clearly observed. Isolines on the ∆ρ map close to the nucleus are effectively slightly compressed (elongated) along the V zz (V yy ) direction due to this depletion (increase) of the electronic density. As mentioned above, the ∆ρ maps are not well suitable to establish a relationship between the EFG and the electronic density asphericity near the nucleus when the distortion is small. Another approach proposed by Schwarz et al. 123 consists in calculating the difference with respect to the ionic spherical density. However, this approach requires the 30 construction of isolated ions (F -, Mg 2+ ) which is not always straightforward. For simplicity we only consider the non-spherical contribution of the electronic density inside the Mg sphere (Figure 7(b) ). One can observe that V zz , which is positive, is oriented along the negative part of this non spherical density. We also note that the asymmetry of the positive part of the density which is less important along the V xx direction than along the V yy direction is in agreement with the lower absolute value of V xx compared to V yy . Table 4 3 with a step of 0.016 e/a.u. 3 ) and negative (from -0.002 to -0.040 e/a.u.
3 with a step of 0.004 e/a.u.
3 ) values of the electronic density.
The trigonal structure of LaF 3 (P-3c1 space group) contains a single La crystallographic site (6f Wyckoff position). 80 The La 10 coordination polyhedron is made of 9 fluorine atoms with La-F distances ranging from 2.417 to 2.636 Å and 2 additional fluorine atoms at a longer La-F distance of ~3 Å (see Figure 9 and ESI). The La site has a twofold symmetry axis which lies along the La-F3 bond, parallel to the crystallographic a-axis. As already reported, 65 the 139 La quadrupolar parameters calculated for the experimental structure using the PAW USPP or LAPW AE methods are very close to the measured C Q and η Q values and the best agreement is obtained for the LAPW AE method (see Table 4 ). In contrast, some discrepancies between the V ii values calculated 15 for the APO structure and the experimental ones are observed, the two computation methods leading to a notably overestimated V zz and V yy components. These overestimations of the values calculated after the geometry optimization step remains difficult to explain since the variation of the La environment, which is difficult to analyze for this coordination polyhedron, is small considering the La-F distances (see ESI). It should be pointed out that the initial structure of LaF 3 was determined with a very high accuracy (neutron diffraction on single crystal 80 and, in such a case, the weak variation of the structural parameters induced 20 by the PBE-DFT geometry optimization leads to less accurate calculated EFG values. Table 4 ). Representations of the electronic densities inside the La sphere: (b) reports the contributions to the density when the spherical terms have been removed and (c) reports the contributions to the density when only the |L| = 2 terms are considered. Light (yellow) colour is 5 used for positive values and dark (blue) colour for negative values. For graphical convenience the volume has been increased by more than an order of magnitude.
As shown in Figure 8 (a), V yy is oriented along the twofold symmetry axis (i.e. lies along the La-F3 bond). The complexity of the La environment prevents predicting the relative orientation of the 139 La EFG tensor components from simple coordination polyhedron geometry considerations, 120 and to go further in the analysis, electronic density differences were calculated. In a first 10 step, the spherical part of the charge density is removed keeping all non-spherical terms in the LM expansion (Figure 8(b) ).
However, this does not allow finding a correlation between the electronic density and the orientation of the EFG eigenvalues. In a second step, only the |L| = 2 terms of the LM expansion is considered (Figure 8 
Conclusion
We have investigated the relationship between experimental 19 F δ iso and calculated 19 F σ iso values from first-principles 25 calculations using the GIPAW method and the PBE functional, for alkali, alkaline earth and rare earth of column 3 fluorides. On this basis, we show that the PBE functional is unable to reproduce the measured 19 F δ iso value in CaF 2 as it overestimates the Ca-F covalence but this deficiency is corrected by applying a shift on the 3d orbitals. We also evidence that the same type of correction is required in the case of ScF 3 and LaF 3 for which the bottom of the conduction band has a strong 3d and 4f character, respectively, and we have determined the shifts of the 3d(Sc) orbitals and 4d(La) orbitals needed to accurately calculate the 19 F 30 shielding tensors of these compounds using the PBE functional. Taking into account this deficiency of the PBE functional, we propose a correlation between the calculated 19 F σ iso values and the experimental 19 F δ iso values that allow the prediction of 19 F NMR spectra with a relatively good accuracy. Nevertheless, our results highlight the need of to compute the NMR shielding using improved exchange-correlation functionals such as hybrid functionals. In this context, the converse approach recently developed by Thonhauser et al. 54 seems to be a promising solution. In this work, we also determined and calculated the quadrupolar parameters of 25 Mg in MgF 2 and, from the analysis of charge distribution through electron density maps, it is shown that the orientation of the EFG components of 25 Mg reflects the angular distortion of the MgF 6 octahedron. Finally, we have shown that the electronic density deformation determined by considering only the |L| = 2 terms of the LM expansion gives a reliable picture of the EFG tensors of 25 
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Graphical abstract
A fine agreement is obtained between calculated PBE-DFT and experimental 19 F isotropic chemical shifts by applying an empirical correction for the description of the Ca 3d, Sc 3d and La 4f orbitals. Solid state NMR and PXRD study of ScF 3 ScF 3 was recently studied by both 19 F and 45 Sc solid-state MAS NMR but the reported results 1 appear to us somewhat surprising and the results obtained in our study were also not straightforward to interpret. Firstly, two different crystalline structures are reported for ScF 3 at ambient temperature and pressure: a cubic one 2, 3 (ReO 3 type, space group: Pm-3m) and a rhombohedral one [4] [5] [6] (distorted ReO 3 type, space group: R32). Lo et al. report that their ScF 3 sample adopts a rhombohedral structure. However the small 2θ range of their powder X-ray diffraction (PXRD) pattern 1 does not allow confirming this assumption since both cubic and rhombohedral structures give very similar patterns, except for large 2θ values. The PXRD patterns recorded for our sample (Aldrich, 99.99%, lot number 04937HE) on the 2θ ranges 20-125°, 117.7-119.3°, 139.5-142.5° and 146.1-149.5° are shown in Figure 3 . These diagrams do not evidence any rhombohedral splitting (Table 1) indicating that ScF 3 adopt a cubic structure at ambient temperature and pressure, in agreement with a recent study of the pronounced negative thermal expansion (NTE) of ScF 3 . 7 Both cubic and rhombohedral structures of ScF 3 contain a single Sc site and a single F site in the unit cell. Nevertheless, we were not able to reconstruct the 19 F MAS NMR spectrum with a single resonance (Figure 2) . A satisfying reconstruction is obtained with three lines having close δ iso values but significantly different chemical shift anisotropies ( 45 Sc quadrupolar coupling constant to 1.3(2) MHz and they claimed that "this small value is consistent with the high spherical symmetry around 45 Sc" whereas, as outlined by themselves, this nucleus has a moderately sized quadrupole moment (Q = -0.22 x 10 -28 m 2 ). 9 We have also recorded a 45 Sc NMR spectrum of ScF 3 ( Figure 3 ). Assuming a cubic structure, in which the Sc atom occupy the site with m-3m symmetry (1a Whyckoff position), a quadrupolar coupling constant equal to zero is expected. As Lo et al. 1 , we observe a spinning sideband manifold, indicating quadrupolar frequency different from zero, and the shape of this spinning sideband manifolds likely indicates some disorder in the structure. This spectrum is consequently difficult to reconstruct with a single set of parameters and the quadrupolar frequency can only be roughly estimated to 20 kHz (C Q =280 kHz). Whereas the determined 45 Sc δ iso value (-51.8 ppm) is very similar to the one determined by Lo et al. (-52 ppm), our quadrupolar coupling constant is significantly lower indicating less distorted Sc 3+ sites. At first glance, these results which can only be explained by the presence of some structural disorder in ScF 3 seem puzzling. Nevertheless, disorder was previously mentioned in ScF 3 to explain its marked NTE. 7 The assumed mechanism, i. e. rocking motion of essentially rigid ScF 6 3-octahedra, is supported by the large transverse component of the anisotropic displacement parameters (ADPs) for the fluoride anions. 7 ADPs may represent either atomic motion or static displacive disorder and static disorder was also invoked since it has been suggested for AlF 3 above its rhomboedral-to-cubic phase transition (the Al-F-Al links are locally bent in the cubic phase). 10, 11 Both dynamic (depending on the motion frequency) and static disorders explain the non-zero quadrupolar frequency of 45 Sc (Figure 3 ) and the several lines used for the reconstruction of the 19 F NMR spectrum ( Figure 2 and Table 2 ). Local structural disorder in ScF 3 could also arise from incomplete fluorination leading to ScF 3-2x O x x compounds and/or from occurrence of hydroxyl groups substituting fluoride ions into the network. Both these assumptions can be ruled out since the fluorinations of our sample, using either HF or F 2 at 600°C, do not lead to any changes on the NMR spectra. Since several lines are used for the reconstruction of the 19 F NMR spectrum, 19 F δ iso value for ScF 3 can only be roughly determined and the uncertainty is higher than for the others studied compounds. We choose the chemical shift value at the peak maximum, i. e. -36 ppm. Figure S4 . Experimental (exp.) and reconstructed (cal.) 19 F MAS NMR spectra of ScF 3 obtained at a magnetic field of 7.0 T using a spinning frequency of 30 kHz. The three individual contributions to the reconstructed spectrum are shown below. The asterisks indicate spinning sidebands. Exp.
Cal. * * * * * * * Figure S7 . 19 F experimental (exp.) and reconstructed (cal.) MAS NMR spectra of LaF 3 recorded at a magnetic field of 17.6 T using a spinning frequency of 65 kHz. The three individual contributions to the reconstructed spectra are shown below. The asterisks indicate spinning sidebands. 19 F isotropic shieldings for the eleven compounds additionally considered in Figure 5 . The "calculated" 19 F isotropic chemical shifts according to δ iso /CFCl 3 = -0.80(3) σ iso + 89 (9) [19] .
b Calculated values from reference [20] .
c Experimental values from reference [21] .
d Experimental values from reference [22] . e Experimental values from reference [23] .
f Experimental values from reference [24] . g Experimental values from reference [25] .
h Experimental values from reference [26] .
